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EXPERIMENT ON EXIIAUST MUFFLER BY PULSATING AIR FLOW*

Shigeo Fujimoto

ABSTRACT. This paper deals with the silencing /568

effect of exhaust mufflers of automobiles. The pur-

pose of this experiment is especially to investigate
the effect of the flow rate of exhaust gas on the

changes in noise attenuation in mufflers from the

practical point of view. Ten fundamental types of
reactive mufflers are tested by an engine, which has a

cylinder volume of about 900 cc. The results are

compared with those of a test by pulsating air flow
at various flow rates.

The spectrum of noises in the pulsating flow test

is similar to that of exhaust noises by the engine

test as shown in Figure i. But in general, the sound

level in the pulsating flow test is lower in the low

frequency range, but higher in the high frequency

range than the level in the engine test (Figure 2).

The noise attenuation L e (Equation i) in the engine

test varies with engine load, and is generally in
value under the full load than in no load condition,

especially in the high frequency range above about

300 Ilz (Figure 4). These tendencies are observed

clearly in the case of the mufflers with the inlet

and outlet pipes installed straight through. The

noise attenuation L in the pulsating flow test
P

also decreases with an increase in flow rate (Figure

4).
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With the noise spectrum divided into two frequency

ranges, the low and high frequencies bounded by 500 or
1,000 Hz, the acoustic power of the exhaust noise W' is
classified in terms of a function of the mean flow rat,_•

as shown in Equations 2 - 5. The acou_tic powers,

WL and WH, of exhaust noises from an exhaust pipe with--

out a muffler consist of the components proportional to

the 2nd, 4th or 6th power of the mean flow rate as
sho_m in Figure 5. And the acoustic power W of noisesm

generated in a muffler can be explained in terms of the

component proportional to the 6th power of the flow

rate (Figure 6). The noise attenuation in a muffler is

expressed as shown in Equation 8. The amount of atten-
uation L in a muffler is comparable between the engine

test and the pulsating flow test under the condition

expressed by Equation i0 (_igure 9). In this case the
coefficient of correlation between the results of both

tests is given as about 0.78 for the whole muffler

(Figure i0).

i. Introduction
\

A great many research studies have been published, and comparative

studies have been made concerning acoustical theory, acoustical experiments

[!, 2, 3] or engine experiments [4, 5, 6] about exhaust mufflers for internal

combustion engines. The biggest difference between engine experiments and

acoustical experiments is the presence of high pressure amplitude [7, 8] and

high-speed air flow [9]. The purpose of this report was to establish

experimentally the influence of air flow on the silencing effect of automo-

bile mufflers. For this purpose, engine experiments were carried out for

ten different muffler elements, and the results were compared, especially

for the high frequency range, chiefly with the results of experiments using

pulsating air flow [i0, Ii, 12, 13, 14]. Studies were conducted from the

practical viewpoint concerning the influence of the air flow on the silencing

effect and concerning the mutual connection between both of the experiments

[15,16, 17].

2
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2. Method of Testing the Test Equipment

2.1. Engine Tested. A four-cylinder, four-cycle gasoline engine of

the 900 cc class was used as the engine. An exhaust pipe about 3 m long

with _n inner diameter of 3 cm was connected to this engine, and this was

introduced into an anechoic room. The muffler and tail pipe (about 6 cm

long) were attached to the end of this, and the exhaust sound was measured.

2.2. Pulsating Air Flow Testing Equipment. A pressure tank (5 kg/cm 2)

was used as the pressure source. It was connected by a pipe to the inlet

of the siren device, a pulsating air flow was generated, and it was connected

from the siren outlet to the exhaust pipe system (also including the exhaust

manifold). There are two types o_ siren devices: the rotary valve type

[i0, 13] and the rotary disk type [18]; in these experiments, the latter

was used. The rotary disk type is one in which eight rectangular slits are

provided in the circumference of a rotating disk. It is constructed so that _"

the air flow passes through when the slits overlap with the siren outlet pipe.
J

The ratio of the slit opening period in one slit opening and closing period

in this case is 0.44 (see Appendix I).

In pulsating air flow devices, the length of the pipe connecting the

pressure source and the siren inlet has an influence on the flow rate charac- /570

teristics and the exhaust sound spectrum (a sort of pulsating effect [19]).

In these experiments this length was made as short as possible (see Appendix

III).

2.3. Test Method. The engine tests were performed chiefly at a full

load of 2,000 rpm and at no load. The pulsating air flow tests were carried

out by adjusting the pulse exhaust frequency of the siren to the fundamental

frequency (68 Hz) of these exhausts. All of the exhaust pipe system and

mufflers used in the testing were the same as those tested in the engine

tests (the same applies also to acoustical tests).

3
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The exhaust sound was measured by putting a condenser microphone I

obliquely at 50 cm from the exhaust outlet. The exhaust gas temperature

in the ei1gine tests was measured by a thermocouple thermometer at the exhaust

pipe inlet and in the pipe near the exhaust outlet; the mean value of both

of these was taken as the representative value of the exhaust gas temperature.

Next, in measuring tile flow rate, both a hot wire anemometer and a laminar

flow type flow meter were used together. In the pulsating air flow tests,

the measuring positions were the exhaust pipe outlet and inlet. In the

engine tests, measurements were taken at the inlet part of the air inlet

pipe. The mean hourly flow velocity at these positions was measured. (In

addition, a hollow container of about 140 liters was connected to the exhaust

outlet during measurements only; a Pitot tube was inserted inside the outlet

tube of this container, and measurements were attempted of the mean flow

velocity.) The measured values of the mean flow velocity were converted into

the flow velocity inside the exhaust pipe by using the ratio between the

temperature at that position and the above-mentioned representative value

of the mean temperature. These flow velocities and temperatures vary depend-

ing on the time and place, but it was decided to indicate the state of the

exhaust Bas by practical representative values and to organize the experi-

mental values (that is, the mean flow velocity, the mean temperature, and

the mean density).

In addition to this, the back pressure when each of the mufflers was

installed was measured by means of a water column manometer at the exhaust

pipe inlet in accordance with the JIS prescriptions.

3. Exhaust Sound Spectrum

Examples of the results of exhaust pipe measurements in engine tests and

pulsating air flow tests are shown in Figure I. These results are those

obtained with the exhaust manifold and the exhaust pipe only, with no

mufflers; below, this is called the "direct pipe." It is clear from the

figure that the exhaust sound spectrum can be divided up into two noise groups.

L
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The first group has its chief com- !

....F_u_0,_[u.,, _ 39m/:_ ponents in the low frequency range,.o .... NoLo,d_r,_, 2,_,', ''_'''''l

_-'" _ with the exl_aust peaks at 68, ]30,1_ at 2000 rpm |Z re,q, ' FIO. TILL

i -,- ', \ ,,*'_
"-'_0_...:'*" .:', ; " '_ and 200 Flz. The second group has

: _0[.- i,_ _,\_ \ [ \ :its chief components in the high

._- t'{ _l/_ $,,__ ,/_-_ .! frequency range of about 2 kllz or, _ _ _I_ ",_,-x ,'_ \ ,.\
._ '_ " _ _;1t -- _ _£.A ,,\, more. Since the peaks in this high

't "_ NN7 \ _ frequency range have increases of

"_ 0A-i--'d"m'_2ff"_'d-_:'C_T%"_'"- their frequencies and levels to--
Frequency (HI)

gether with increases in the mean

flow velocity of the pulsating air
Figure i. Spectrums of the exhaust

noise measured at a distance of flow, it is assumed that the air

50 cm from the exhaust outlets

(without muffler), flow noise is related to the flow

velocity in the pipe system. How-

ever, it is clear that the level increase in the low frequency range and the

high frequency range is different in the engine tests and in the pulsating

air flow tests.

This exhaust sound spectrum was divided into a low frequency range and

a high frequency range, adopting 500 -i,000 Hz as the boundary, and the full

acoustic power in each range was sought. The results are shown in Figure 2

', in relation to the mean flow velocity. It is clear from the figure that i_

the low frequency range there is a higher level in the engine tests, while

in the high frequency range there is a greater proportion of level increase

in the pulsating air flow tests. Consequently, it may be quite difficult to

make the absolute values for the spectra in both tests coincide throughout all

the ranges.

4. Attenuation of Mufflers

The muffler elements tested are shown in Figure 3. The A group in the

figure are hollow type mufflers. In each of the four, the only differences

are the mounting positions of the inlet and outlet pipes (B is a variant of

5
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/1 • P_al,n_. FiO,, _ -r--"

lo. ,. _ ........ _L • , +'- "'-r"-r.
007'5 00_ OiO --q _ '

l__._----.-I

M,¢ll-r, urnber CA F,o* <M_ _J_._l---------_ _:)-

Figure 2. Increase of the exhaust @ _--'n @__'

noise (without muffler) as a --_,_ __ i ,-

function of the mean flow rate _i_M in the engine test and the

pulsating flow test.

Figure 3. Test mufflers /571

\J

this). The _ group is of the inserted pipe type, using pipes with one-half

or one-fourth length. Four different types, with different positions of

the inlet and outlet pipes, were prepared. D is the resonator type (the

resonance frequency is about 125 Hz).

Table i shows the level differences (attenuatioz_) oE the noise levels

of the mufflers in the engine tests from those of the "dir,sct pipe" results.

Generally speaking, the attenuation is lower at full load than at no load.

One can assume, in particular, that the A characteristics have a smaller

value and that the attenuation in the high frequency =_nge has decreased.

TABLE i. NOISE LEVEL REDUCTION L e OF MUFFLERS AT 2,000 rpm

OF ENGINE.

¢ondilioll , dB , Ai A; , Ai i Ai B C; ' C; i Ci Ci D
.... I ........... t_ _' _.__,L___ i ' I

C 0 ' 2 1 3 0 1 ;, 4 1 t 0 1

fullload(400'C,38 rn/i) A 3 i 2 .I 6 2 8 6 6 3 i 6 3

c 0 0 o i 1 o oi o o I _ 1
no load (200_C,16m/i) A 6 , 4 7 t 5 5 I0 7 g 7 4

................... _ ........ L ...................

L i
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In order to clarify thls phenomenon, we show in Ftgure 4 the attenuation
,I

cadsed by 1/3 octave band noise. The attenuation he.'e Is defined by tile I

following equation:

L "20 lo+_Lo(l"/P_)-20k,g_,,(P/Pu),

.. _oLoa,_(W,l w,)- :o._,,( Wl Wo).(d_) ( 1)

L : attenuation (dB)

P': direct pipe sound pressure

PO: standard sound pressure, 0.0002 DBr

P : sound pressure with muffler attached

W': direct pipe acoustic power
-12

WO: standard acoustic power, i0 watt

W: acoustic power with muffler attached
-- wpper ;Qm/s

• ful; Load} E_i,ne ..... ,c0ufl,¢,i }Pulsati_|o NO Load Test T¢$! _ vfldlr 24 m/t, Flow ,_iS|

+_0_- it ZOOOrpm _. j_,,*

+I0_ ; o ,'" ' 6 -" o0

• .... .G

I0 "*

+ 20 _ 04p

-IO- o

, e.'.o • • •o

Fr_.quinc), (r_z)

Figure 4. Comparison of the noise attenuation of I

mufflers in the engine test, the acoustical test

and the pulsating flow test.

According to the figure, in engine tests the attenuation is smaller

at full load than at no load, especially in the frequencies of about 250 Hz

or more. This tendency is pronounced in cases when the positions of the

inlet and outlet pipes are opposite each other, such as AI, C1 and C3. In

L ........
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the engine tests, the attenuation appears to be concentrated around the i

frequencies at room temperature with respect to the increment in tlle sound

speed caused by the temperature _nslde tile pipe. Next, the attenuation

during the pulsating air flow tests Is Indicated by the width whelJ the mean

flow velocity is I0 m/'_ or 24 m/s. In thls ease also, the attenu_ition tends

to become smaller when there is a greater flow velocity. The acoustic test /572

values in the figure are those using 1/3 octave band noise (see Appendix I).

It is clear that the values for no load in the engine tests and the i0 m/s

values for the pulsating air flow tests more or less agree. (In cases

when the load and the flow velocity are great, attenuation decreases are

observed particularly in the medium or higher freque, cies in cases when the

representative component frequency of the air flow noise, f, is f = S x v/d).

S represents the Strouhal number, v- the mean flow velocity, and d -- the

representative dimensions. Thus, if the pipe diameter d is small, f will

be greater. Consequently, if the exhaust pipe dimensions are great, f will

have an influence on even lower areas.

5. Power of Exhaust Sound and Flow Velocity

As for aerodynamic noise, the noise characteristics are classified and

organized according to the nature of the sound source [21, 22, 23]. Let us

', now apply this concept to exhaust sounds. In general, the amount of noise

generated (see Appendix IV) can be indicated in the following terms:

W.- K.P_'_2"A/poCd "'_ (2)
-, K.p:Co35I:'AlPo (walt)

W : acoustic power
n

P : sound source air density

0 0 : atmospheric density

v : mean flow velocity

CO: sound velocity in the atmosp'_ere

A : area of exhaust outlet

M : v/Co: Math number for sound velocity in the atmosphere

8
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K : non-dimensional coefficient,n

n : index, I - 4

In this case, n = l in cases when there is an extremely low velocity v.

This corresponds to linear acousti.ca[ theory (constant velocity sound source)

[24]. When external forces operate with a boiling point type sound source,

n = 2, and when they operate with a pressure noise source, n = 3. n = 4

applies to turbulence noise, which is known as jet noise [21, 22]. In

exhaust noise, when the mean flow velocity is low, n = i. Normally this is

assumed to be a pulsating boiling point sound source. Air flow noise caused

by pipe walls or protrusions in the exhaust pipe or muffler corresponds to

n= 3.

Transforming Equation (2), we obtain:

P WL. =10 ',oglo(P/./Wo)

= 10 l,,g,ok. + 10l_g_,_(AI,4,o) ( 3 )

: 20 lo_,_o(p/po)+20log_0M', (dB)

Here, PWL : power level (dB)n
2

A0 : standard area, 1 m

: KnPCo3Ao/Wo: acoustic power coefficient (non-dimensional)
k

n

Let us now organize the values from pulsating air flow tests, given in

Figure 2, into the low frequency range and the high frequency range, on the

basis of the above-mentioned concept. The results are as shown in Figure 5.

It is clear that the low frequency range consists of components of n = 1 and

n = 2, while the exhaust sound in the high frequency range consists of com-

ponents of n = 2 and n = 3 (when the flow velocity doubles, the level incre-

ment is 6 dB when n = 1, 12 dB when n = 2, and 18 dB when n = 3). That is,

the low frequency range power WL and the high frequency range power WH will
be:

10log,,(WHW.)-_!0i,,g(iV,_-Wa)/Wo.(dB)_ (4)
SOk,g.o(W,,/Wo)_I0l,,g,o(iV2i-W,)/W.. (dB)]

00000001-TSA11



Here, i_

(/,,'f,,,;'(A/An!(_.t,¢f 'o) 1Gn :.2 t (S)
_V.IW_ =(/,/t,_,)_(AIA.)(_'_M4 _ k_,_15 (

: (pll,o)7(A/,'lu_(kn,'_f 2") 2Sn.%3 J

Table 2 gives the k values of the exhaust sound in the "direct pipe" state
n

for pulsating air flow tests and engine tests. In the low frequency ranE_ _

_. the engine tests give higher values, but in the high freq,lency range, the

pulsating air flow tests have higher values.

TABLE 2. ACOUSTIC POWER COEFFICIENT

H¢i I0 _ _ IW_/_D ._,_._-d'_", _ / k ON EXHAUST NOISE WITH-
n

|00_ \ - _ ' .. s
_ _c.... /I" ; OUT MUFFLER.

_. " _.¢.. /. k- i0 Iraqi ( W,,/W_ } - .....

• : / -/'_'_ - - iOW freq. 10 log_0_ I.iid[_ 132 d[_

i_......, , high freq. i 10 lOg:o i'_ 155 dB 148 dB
Io Is _o _o -a_ -- (/,'/I) 10 log_o _ 162 dB 169 dB

Mean fl0w R,He 9,., {m/s} ........................ _ .....

Figure 5. Increase of the exhaust
noise W' as a function of the

flow rate _ in the pulsating
P

flow test (without muffler).

6. Attenuation and Acoustic Power

As was _.,e,_ticnedabove, the attenuation of the muffler is subject to

the influence of the flow velocity, especially in the high frequency range.

Equation (i) for this attenuation L can be revised as follows to indicate

the acoustic power of the preceding section:

L_ 101,,g,o(U,'_IWo)- I0 log,o(W/W_) (6 )

The power of the exhaust souad when the muffler is attached, W, can be

e;:pressed as follows"

i0

_._ i
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t,

;v,. ( iv.I;/) 19*-W. } ( 7) _lW.I l,Vo:. k.(p/ p_)2(A/ Ao)o'_P"

W : acoustic power of tilenoise produced by the [nst_[lation
m

of wlri_ous mufflers (high frequency range)

20 lOgl0 D = La: pure acoustlc attenuation (see Appendix I) /573

L can also be sought by acoustic tests, but here the value sought from
a

pulsating air flow tests at an extremely low velocity is more appropriate.

Let us here calculate i0 lOgl0(Wm/W 0) by means of Equations (6) and (7) from

the level (high frequency range) in the "direct pipe" state and with various

mufflers attached in pulsating air flow tests with the identical mean flow

velocity. The results of these calculations are shown in Figure 6. The

figure shows that, when the mean flow velocity doubles, the level increases

by 18 dB. Assuming that the power m of W in Equation (7) is m = 3, it ism

possible to organize the data in the following manner: '

iv. _Vo=(p/go)Z(A/Ao)(k.M') ( 8)

In view of the nature of the air flow noise mentioned above, m = 3 is

considered to be a suitable value. Table 3 shows the calculated values of

k for various mufflers. Generally speaking, the values in the engine tests
m

are on the same level as, or higher than, those in the pulsating air flow

tests.

Figure 7 shows examples of two or three mufflers in pulsating air

flow tests• It is clear that the rate of increase of the power W of the

exhaust sound when mufflers are attached with respect to the flow velocity

differs, depending upon the relative magnitude of WH/IDI 2 and Wm
in Equation

(7) Consequently there is a larger W in mufflers A1 and CI, in which there• ' m

is a great decline of the attenuation due to the increase in the flow

velocity. In Ao, in which there is not much of a decline, the explanation

is that W is smaller than WH/IDI2..m

ii
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TABLE 3. ACOUSTIC POWER COEFFICIENT t
I

-_o- _,_\&' km ON NOIbE GI:'NERATED IN

I __,,; .... [,p.... ,_,_ .i_" I'4-LIFFLF,R (ltIGtl FRI':()UENCY).
VA;.e _11e_.h I. '"/F" I M.Ttlef

i 20i,,,_,o1)(dB) _o ,,,_ok. (dl_)
_: _,, I . -.

, -_0', \"@ _,_..f m,:lih,z acoustical pulsating._ , attenuation engine te_t
",,,_ ! '/__ • _ _ i ....... "__' .............. tllow t_st

i J\_ 7 165 161

"l;_'i .... ;'_- _s t_ _Q _Q *\j lO 107 162

ue,_ F,c, R_',, ;_ (" _) A, 12 16_ 169

B 16 16!; ]62

Figure 6. Increase of the noise Ct 18 170 166

power W generated in the muffler C, , 13 I(_ 16_m - C_ 17 170 167
as a function of the flow v in the i

C_ I 13 171 165P [

pulsating flow test (high frequency D 3 _62 :55

range). -.....

7. Engine Tests and Pulsating Air Flow Tests /574

According to the studies up to the preceding section, the attenuation

of the muffler (in the high frequency range) will be:

L = IOI,,_i _I'.l W,)- lO1,,_4_o(W/lvo).
_='0 'o:,_o!Dl

-_o :,,_:,oC_+(', z)i=_..,_t:..... ),'C_,,);, (8)

_.L.--JL (dg)

That is, the attenuation L will decrease by an amount proportional to AL,

the amount of change from the pure acoustic attenuation L (unrelated to thea

flow velocity) caused by the flow velocity. The greater is IDl2km/_, the

greater will be the magnitude of AL. The greater the value of 2(m - n), the

more sensitive will it be to changes in the flow velocity.

The results in these experiments were:

In engine tests, (a) ,,,_.3, n-2.0,

in air flow tests, (b) m-3, n_2.3,

12
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Figure 8 shows the experimental values

sought with respect to IDI2km/_l in i

_o ,_ the engine tests and pulsating air

flow tests for the various mufflers.
10

._,_".." The values for all the different

_0i / .?_._ _.i.. mufflers can more or less be organ-i %\ _lh " j#

"_ /" \_ ,'>-/.-;_, ized by means of Equation (8).

I _..'_'" / Next, the difference S between

.zd._.-_'/_ / the attenuation in the engine tests

.$._,,, _\..j/.- .._._ L and the attenuation in the pul-
x ,_f_ .,.<.,_,_-" e air flow tests L will be as

...._ _-' _5'\_%_
70_ ._. _ . _" _ sating

i c'..._........_,_::j,../"_ follows (the suffix e indicates
_o ; ," 'o _ z'o _'o engine tests, and the suffix p

_._ r_, _I, _ (ml_} indicates pulsating air flow tests):

L,-L,=X

Figure 7. Increase of the exhaust =lOlog,oC{l,(ID,_.,M, )/_""/ (9)
noise power W as a function of the {_+(iDi_k.,M_._.9/k..}]
flow rate v in the pulsating flow

P

test (high frequency range; with Consequently, the following will be

muffler AI, A2 and CI). the conditions for agreement of the

attenuation values for both experi-

_, _..........o....... ments, when the mean flow velocity

- __ " " is v and v

G ""_°_°" J_,,_ ". _" In Figure 9 the experimental values

L .... Pul._,._r_o, of L at full load and at no load,

( O__, N"'"' }/(k.) from which the values of L (air
P

flow tests) at various flow velocities

Figure 8. Decreased amounts of the have been subtracted, are shown with

noise attenuation of mufflers respect to the calculated values of

(high frequency range). S. Although there is considerable

13
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. 0_Fw_IL0J_ .. dispersion, the values more or less
_*;0_ , On No LcJd ** /

x , are located on tile 45 ° line. As for/.

! ".
_'sF the mean flow velocity of the air2/:
" i • z flow tests, v , satisfying Equat:ion

_ 0..........:"]i 7"--- (]0), there is considerable dispersion
.c I

: "'" depending upon the type of muffler

,, ,_o_ o= •I .. On an average, at the w_lue of v /v
t • • i_. e p

--= L/..'-
I:i -IO ,,*

._'._ .. the results are about 1.5 at full

;.;0_¢°I(I+¢_,_u_='W,.,_ load, and about 1.9 at no load. That

is, in the air flow tests, it is

Figure 9. Changes of the values indicated that the experimental values

(L e - Lp) of mufflers as a func- tally at flow velocities lower than

tion of the ratio S. those in the engine tests. [The

value of v /v which satisfies the

e p -2
LI• t,. _0_d conditions that the pv values for

2oj * *0 liid o
/

._ p
!

• _// / the exhaust flow should be equal in _,

,sL _'/ / the engine tests and the air flow ;

t
f/._. tests is 1.5 at full load and 1.3 at "

i0_ //_,- ..
i . no load; these values are close to

_i /; the values calculated from Equation
! ",_'/" r:ol7

i/'/." (i0)]. Figure i0 gives the agreement
. ?__/ between L , the attenuation at flow

Alllnllli,,ln ill e.i,., t_,l L. (l_Si velocity v in the pulsating air flow /575
P

tests satisfying these conditions,

Figure i0. Relation of the noise and L , the attenuation in the engine
attenuation L e in the engine test e

tests. The correlation coefficient
and L in the pulsating flow test

P between both was 0.78. It also shows
under the suitable condition of

S = 0. that the regression line is given by I

L -- 0.54 L + 2.3 (dB)
e n

L = 1.2 L + 0.3 (dB)
p e

14
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8. Acoustical Power Coefficient k
n

In the studies up to the preceding section, tile exhaust sound and tile

attenuation were classified and organized [n terms of k n. In Table 4,

tile values of this k are organized for steady flow tests, pulsating flown

tests, and engine tests. The pressure coefficient used here is the value

of (Ap/pv 2) when Ap is the back pressure, and pv 2 is the dynamic pressure

of the exhaust flow. The magnitude of this pressure coefficient indicates

the magnitude of the flow resistance for different exhaust pipe systems.

Furthermore, it also corresponds to the flow fluctuation intensity in the

same exhaust system. Consequently, it has the smallest value during steady

flow tests. In steady flow tests, naturally, there is no k for then

"direct pipe" state in the low frequency range. According to the table,

there are larger values of k in tests with larger pressure coefficients,n

but in the k related to the noise inside the muffler there is not as great
m

a difference as in the value of k related to the exhaust sound itself in
n

the "direct pipe" state. This may be attributed to the following. Whereas

the exhaust sound ("direct pipe") varies chiefly on account of the type of

sound source (engine, siren), the noise inside the muffler tends to be

governed more extensively by the structure of the muffler itself. Consequently,

the k of the exhaust sound ("direct pipe") differs considerably depending
n

upon the engine. 7m example of this is shown in Table 5. It is clear that

there is a fairly large value with a single cylinder engine. Therefore, it

is natur_lly conceivable that, even with the same muffler, the value of the

attenuation L will vary if the engine is different.

9. Conclusion

The studies described above were performed concerning exhaust mufflers,

dividing up the acoustic spectrum into a low frequency range and a high

frequency range, with 500 - 1,000 Hz as the boundary. The results of the

engine tests were compared with the results of pulsating air flow tests.

The results of these studies may be summarized as follows.

15
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t
TABLE 4. RELATION BETWEEN ACOUSTIC POWER COEFFICIENT AND BACK

PRESSURE COEFFICIENT (AVERAGED VALUE INCLUDING DATA UNDER

SOME OTttER TEST CONDITIONS).

engine test : pulsating tlow test steady flow lest
.... 4 ......

back pressure coefficient 20 '.,g:o(.J/,/tJ¢,'_',idB) _13. 1 : ..... nO. 8 ,-.-8. 1
T

_0 .,g,.., k_ (dB) 141_150 13G_136
low freq. _kl.)'''

101,)g,ok_ (dB) 171_1_5 153_164

I0 l,_gto k_ (dB) 155_180 1,13_149 12S _
high freq. _/,'10

10 log,o k_ (dB) 162_178 167,,*174 155

noise in muffler i0 log,0 k. (di3) 165_175 161_172 154

TABLE 5. ACOUSTIC POWER COEFFICIENT OF OTHER ENGINES. il

engine under test other 4 cylinders single cylinder v
(3, 000 rpm) engine (3. O00rpm) engine (4. 000 rpm)

I0 log,o k, (dB) 142 _ 151 161 .
low freq. (kL)

10 log_0k2 (dB) 1G3 171 196
.............................

10 h-,g_ok2 (dB) 157 161 185
high freq. (kit)

10 log_ok_ (dB) 173 169 215

(i) The pattern of the exhaust sound spectrum is similar in both the

engine tests and the pulsating flow tests, but the absolute values of the

levels do not necessarily coincide. The level for the engine tests tends

to be higher in the low frequency range, and the level for the pulsating

flow tests tends to be higher in the high frequency range.

(2) The power of the exhaust sound in the low frequency range consists

of components proportional to the second to fourth power of the mean flow

velocity. In the high frequency range, it can be expressed in terms of

components proportional to the fourth to sixth power. However, the propor-

tions occupied by these components differ in the engine tests and the

16
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pulsating flow tests.

(3) The attenuation of tile mufflers (chiefly in the high frequency /576

range) declines together with the :increase of the load or of the f]ow

velocity in both engine tests and pulsat:ing flow tests. This decrease in

the attenuation is particu|ar]y great in mufflers in which the inlet and

outlet pipes are located opposite each other.

(4) This decline phenomenon can be explained in terms of noise inside

the muffler generated in direct proportion to the sixth power of the flow

velocity.

(5) The experimental conditions for pulsating flow tests corresponding

to the engine tests can be found from the ratio of the generation coefficients

of these acoustical powers.

A series of experiments was performed concerning the influence of the

flow velocity upon the attenuation of the mufflers, and the above conclusions

were reached. Problems still remain concerning the exhaust system, but at

least the characteristics of the exhaust sound in the high frequency range

and the phenomenon of the attenuation decline were classified and organized

from a practical standpoint using the mean flow velocity, and success was

achieved in comparing the results with the pulsating flow tests and in making

clear the limit conditions.

In conclusion, we heartily thank Professor Igarashi Juichi of the

Tokvo University Aerospace Flight Institute, who kindly provided his guidance

in carrying out these experiments. We also express our gratitude to

specialists Kitada Motokazu and Sakurai Hisao of this laboratory, who collabor-

ated in these experiments.
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APPENDIX I. ACOUSTIIC TESTS

In the acoustic tests, P is used to represent tile s(mnd pressure, U to

represent the volume velocity, suffix 0 to represent the sound source, and

suffix t to represent the exhaust outlet end. In these tests, the following

will hold when the mufflers are attached:

t'_ ] ,"A. B. ] 15 "_

However, in the "direct pipe" state:

l'.', FA' B'_ FP,'] PdU.-O[u0J Lc,z,JLc ,,J

Consequently, IL, the insertion loss in the exhaust pipe system, will

be:

I L • -::20 l(,gL01Ud U,1_.20 log_0]D • [

I L = 20 log,o[Uo/U,' [ _.20 logm! D' ]

The standard muffler attenuation in the "direct pipe" state will be:

L,=20 log_olUJ/U, [

=20 l,,g_0iD'I -20 log_01D.i = 20 log_0[D[

In measuring IL, the speaker is put in front of the tail pipe end, the sound

source end side is closed. The sound pressure at the tail pipe end Pt and

the sound pressure at the sound source end P0 are measured simultaneously.

When this is done, due to the following relationship:

{p,1 D. B. F'.l

the following _ill be obtained:

20 logl01P,/Pol :,20 k,g,01D-i

18
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The IL can be measured simply by the reverse arrangement method. The values I

in Figure 4 in the main text were obtained by this method. Althouooh this

method is not theoretLcally accurate due to radiation impedance nnd the

problcm of band noise, it wns adopted hec_luse approximate measurements can

be made simply.
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IN PULSATING AIR FI,OW TF,STSAPPENDIX [I. SIREN PART

Slits were provided in the rotary disks to generate tllepulsating oir

flow. It is conveivable that the spectrum of the exhaust sound may ditIer

because of the shapes ol these slits, in the experiments, st,alic_ u,uru m_tde

concerning rectangular silts and round slits. Examples of this aru shown

in Figure ii. The dotted line in the figure is the spectrum of steady air /577

flow_ at the same mean flow velocity. Naturally, the leve] is low, c.,pcc'_tally

in the low frequency range. The

, s_,_r,,s_,,_ upper side of the figure is the sound
;,4- === [bh_sl P_pt Inlel S*r_n

• /_ * .._,¢,,n_=J,rP0,, pressure inside tilepipe at the siren
/ _ _ ,'k ' -- ,,,Ih C.¢_l_r Port

_,,c = ° _/_ outlet (exhaust pipe inleu), and

"_0- '_r_" ..!;lt_ the lower side is the exhaust release

.::-- _\ E,_o_,_0., .....s_,,,A,r sound (distance of 50 cm). There

of the shape of the slits, although." ",o

_, _ . ,_ ,'_o_ ,, _ . . the rectangular shape has a higher
fr¢,i_encl i._i

level of the secondary higher harmonics

Figure 11. Noise spectrums of (130 Hz) towards the fundamental wave

different types of siren port (67 Itz) than the round shape. There
in the pulsating flow test.

is also a somewhat higher level in

the medium frequency range. Consequently, the rectangular shape may be said

to give results closer to the engine sound. The rate of the slit opening

period in one opening-closing period of the siren slits (the opening time

ratio) is 0.44 in the rectangular shape, and 0.67 in the round shape. In

engines, the period corresponding to this is the exhaust valve opening period.

In the main engines tested, th period was about 0.33 in a one-cylinder engine,

and in a four-cylinder engine the sum was more than i, indicating that one

or another of the valves is open at all times.

20
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APPENDIX 1[I. PULSATING EFFECT IN TIlE PULSATING

AIR FLOW TEST I';QUIPMENT i

[I1 tile pulsating air flow eqtltpme.nt, tile air flow at tilt, siron .qlit

p lrt is considered in l inearized form according to the fol lowillg e.qtl/ltion:

..'1(1', "15) :l! : pl'I

_, : flow rate coefficient

A : slit opening area

Pl: siren inlet pressure

P2: siren outlet pressure

U : flow rate (volume velocity, exhaust direction is positive)

B = apls: coefficient for inertia effect, _ length of slit pa_ts

Since the area A in the above equation is a pulse column, it can be

expanded in Fourier series and expressed as follows:

A = Ao _-(II2)A_(,"J" * *'_")

+(1/2)A2(, �H%\#'a-,) + ......

The pressure and flow rate can also be expressed as follows:

if= U0 r (I/2)(Uw'*" r UL*e-*")'t- ...... ,

t'_ :. t',o �(1/2)(t'..'"'+ l'n*e-*"') _....... ,

l'a-,l'ao l(l/2)(PaLe'"' _Pa_*e'*") t....... ,

(The asterisks * indicate complex
conjugate numbers)

In these equations, the first term on the right side represents the D.C.

components, and the second term represents the fundamental frequency com-

ponents of the pulse waves. Using L1 to represent the pipe length from the

pressure tank to the siren inlet, 7.2 to represent the length of the exhaust

pipe connected to the siren outlet, R1 and R2 to represent the flow resis-

tance to the D.C. components, P to represent the tank pressure, P to
s a

represent the atmospheric pressure, R0 to represent the characteristic

21
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V II

I

Impedanc(_ of the pipe, n., ,; as a phase constant, we ca,, formulate the :lii

Io1_ wing v_,_, erning the I) _ . components and tile A.C. 'omponents: ii

7'o .1¢_I,'0 1%,. 7". _R_Uo -]_u,

I'll 7]?,l.m(l'li)" ("h

J',l t'JJCul,ln(kJ;_) "r('_

If the above relatioaship is inserted into the first equation, U and i' can

be sought as functions of the frequency kl. The fundamenta] frequency

component of the exhaust sound P can be found from the foIlowing tf Z R
S

is used a.; the real number component of the radiation impedance:

IP,,i' (Z..)', U,',3/(c(,. kh)'

If we disregard fl and R and seek the above-mentioned relationship, we obtain:

Uo : l'aAo • (D,,/D)

ll_= t'aAl , (Da/D)

D = (1 + ( t40Ta.'l,))* {1-(1,'4)(A*/Ao)*] )

Do = (i _ ( Ro TaAo)* {1--(I/2)(A dA0) 2

- 1/4)(A2/Ao) _ r-(1/4)(A,aA2/Ao 3}]

Dl = [',--J {(RoTaAo)(1-A2/2Ao)}]

P=P,-t'o. T :(tanklL+tankl2)

It iS clear from these equations that, when tan kl I = _, Pll will assume a

maximum value, the phase will shift 180 ° away from A 1, and U0 will assume a

minimum value. It is also clear that Ptl will assume a minimum value.

will assume a maximum value, and the phase will be 0 °
When tan kl 2 = _, P21

U0 will assume a minimum value, while, on the other band, Ptl will assume a

maximum value.

Figure 12 shows typical examples of calculations for the exhaust pipes

which were tested. Here the siren opening area A is a triangular wave

pulse column of the opening time ratio of 0.50. In view of its Fourier

coefficients, it was assumed that AI/A 0 = 1.6 and A2/A 0 = 0.8. In these
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I

cases, from the measured value of the

i *;ii_'--_-/_--"'_-_---- mean flow velocity , i0 m/s, it was

._! assumed that R0c_A0 = 0.236 and that," - 2Jl

the pipe length ratio /.2//.1= 7.3

0_-- ,-- -- is the characteristic impedance /577
- ;6; ull

:'_ ' -Y "_',' /( 'P" 'A,),,_ of pipe with a diameter of 3 cm).

0--_ ...... _ On the abscissa of the graph,. - bO)

-;Jar _....,It u,/(P°A0) Q = f /f , where f = c/4Z 2 and f

_i_ _I_ r p r p

_ is the pulse fundamental frequency.
c. 0

0 __.___.L , i ,, i .....
02 03 ,)5 I i?

Figure 12. Pulsating effects of

the exhaust pipe in the pulsating

flow test system. The value Q

is expressed as the ratio of the

fundamental resonance frequency

of exhaust pipe to the pulsating

frequency.
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APPENI)IX iV. AERODYNAMIC NOISE

If there is a small sound source Ill the sound field (representative

flow velocity v, air flow velocity I), representative area A), and if the

sound pressure at a point at a far distance r away from it ts P, tile follow-

ing expressions can be stated:

Single pole sound source (boiling point) poc/_v2_/A/(4_r)

Two pole sound source (external force) l'oeP_Y'A/Co4_.r)

Four pole sound source (stress) t'o_Ov'_/AICo 24_r)

(The density at the measuring point is P0' and the sound speed is CO.)

Consequently, since W=(4_r=)IP;=/(O_',),the total acoustic power of the sound

will be as follows:

Single pole sound source IV=.K/,_v'A/(/,,C,)

Two pole sound source IVfK/,_v'A/(poCo 3)

Four pole sound source W=KO=_'A/(poC,')

Consequently, the following is obtained as the general equation:

W.=A_.p=o='A/Cp_,_'O

K is a non-dimensional coefficient.
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